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EmbryogenesisAccumulating evidence demonstrates that cilia play important roles in a variety of processes in
embryogenesis. For functional survey of larval cilia at the cellular level, we exploited the simple cell
organization of tadpole larvae in the ascidian Ciona intestinalis. Immunoﬂuorescent microscopy showed
distribution of cilia not only in previously described tissues but also in a subpopulation of ependymal cells in
the sensory vesicle, gut primordium, papillae, apical trunk epidermal neurons, and the endodermal strand.
Transmission electron microscopy revealed a variety of axonemal structures, including a 9+0 structure
similar to vertebrate primary cilia, a 9+0 structure with electron-dense materials in the center, a 9+2
structure with no dynein arms, and an axoneme with a disorganized structure at the distal end. Extensive
description of cilia in the present study gives important insights into the evolution of the ciliary structure and
provides a basis for analysis of ciliary functions in establishment of chordate body plan.
© 2009 Elsevier Inc. All rights reserved.Introduction
Cilia are hair-like organelles found on the surface of eukaryotic
cells. They are involved in a variety of cellular functions (Pazour and
Witman, 2003; Singla and Reiter, 2006). One of the primary functions
of cilia in multicellular organisms is the generation of cell motility or
extracellular ﬂow. Long cilia, commonly called ﬂagella, in spermato-
zoa are necessary for spermmovement. Motile epithelial cilia, such as
those on the trachea, oviducts, and ventricles, produce extracellular
ﬂow for transporting several soluble factors, particles, or cells. The
internal structure of cilia, i.e., the axoneme, is highly conserved from
unicellular protozoa to mammals (Inaba, 2003, 2007). Motile cilia
have typical 9+2 axonemal structures. Nine outer doublet micro-
tubules possess several elaborate projections that are responsible for
ciliary movement. Outer and inner dynein arms are molecular motors,
exerting force that causes sliding between adjacent microtubules
(King, 2000; Inaba, 2003). Radial spokes are structures extending
toward the central pair apparatus. Central pair apparatus and radial
spokes are considered to help in coordinating the dynein arms, which
is important in forming and propagating planar waves (Porter and
Sale, 2000; Smith and Yang, 2004).
As the body plan becomes more complicated from unicellular to
multicellular organisms, ciliary structures and functions become.jp (K. Inaba).
ll rights reserved.diverse. A single cilium on a cell with a 9+0 axoneme lacking a
central pair is called primary cilium and is distributed on the surface of
various types of cells (Singla and Reiter, 2006). Although primary cilia
are generally immotile, motile cilia with 9+0 structures are observed
on the mammalian node. Nodal cilia generate rotational movement
for signaling, which is important for mammalian embryogenesis
(Nonaka et al., 1998; Okada et al., 2005). Immotile primary cilia
perceive chemical and/or mechanical stimuli and convert them into
intracellular signaling. Immotile cilia on kidney epithelial cells sense
extracellular urine ﬂow and control cell proliferation. Primary cilia in
developing vertebrate embryos mediate hedgehog (Hh) signaling and
are involved in key developmental processes, including neural tube
patterning, limb patterning, and establishment of the left–right axis
(Eggenschwiler and Anderson, 2007). Several cilia distributed in
multicellular organisms play crucial roles in both functional control of
each tissue and establishment of body plan during development.
Therefore, structural or functional abnormalities in cilia lead to
serious dysfunction in tissues, represented by primary ciliary
dyskinesia or ciliopathies (Ibanez-Tallon et al., 2003).
Our research goal is to understand the structural and functional
diversity of cilia in multicellular organisms at a molecular level.
Ascidian tadpole larvae have been the focus of attention in studies of
tissue differentiation and establishment of the chordate body plan.
They develop through typical mosaic embryogenesis, and the cell
lineage of each tissue has been well described. They have a relatively
simple chordate body plan with approximately 2600 cells, including a
central nervous system, notochord, muscle, and endodermal tissues
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highlighted, tadpole larvae morphology has been described in detail
by light and electron microscopy (EM). Furthermore, sequence
information, including genome and cDNA/expressed sequence tag
data, is readily available for the ascidian Ciona intestinalis (Dehal et al.,
2002; Satou et al., 2002). Based on genomic information, a proteomic
approach is now commonly used to identify proteins (Hozumi et al.,
2006, 2008; Satouh et al., 2005; Inaba et al., 2007; Nomura et al.,
2008). Considering these advantages, we selected C. intestinalis as an
experimental model for studying structural and functional diversity of
cilia in multicellular organisms.
Several studies have been conducted to observe ultrastructures in
ascidian tadpole larvae. They include partial characterization of
epithelial cilia, such as those in the sensory vesicle (Dilly, 1969b;
Eakin and Kuda, 1971; Barnes, 1974; Katz, 1983), the neurohypophy-
sial duct (Manni et al., 2005), the epidermis (Torrence and Cloney,
1982, 1983; Dilly, 1969a; Crowther and Whittaker, 1994), and the
neural tube (Crowther and Whittaker, 1992). Although these ciliary
structures are thought to play roles in motility, sensing, or embryo-
genesis, no direct evidence has been obtained for their functions.
The present study aimed to extensively describe ciliary structures
in tadpole larvae to lay a foundation for elucidating their functions in
tissue differentiation in the simple development system in C.
intestinalis. As a result, we mapped ciliary distribution and structures
in tadpole larvae using anti-acetylated α-tubulin antibody. Observa-
tion of ﬁne structures by transmission electron microscopy (TEM)
conﬁrmed previously reported ciliary structures and revealed novel
cilia in group II and III photoreceptors, pigment cup cell, ciliated
ependymal cells, atrial primordia, adhesive papillae, rostral trunk
epidermal neurons (RTEN), apical trunk epidermal neurons (ATEN),
epidermal cells, gut primordium, and the endodermal strand.
Materials and methods
Collection of Ciona eggs and larvae
Ciona eggs and spermatozoa were directly collected from the
oviducts and sperm ducts, respectively, by dissection. Eggs were
inseminated and incubated for 18 h at 18 °C and allowed to hatch
naturally. Swimming tadpole larvae at 20 h after fertilization were
used in this study.
Immunoﬂuorescent microscopy
Tadpole larvae were ﬁxed with 10% formalin solution made with
ﬁltered seawater or 0.1 M HEPES (pH 7.4) with 0.4 M sucrose for 3 h.
The ﬁxed larvae were washed with TPBS (0.1% Triton X-100 contain-
ing PBS; pH 7.4) for 8 h. After washing, larvae were transferred to
blocking buffer containing 10% goat serum in TPBS and incubated for
8 h. All the following steps were performed at 4 °C. They were then
treated with primary antibody [anti-acetylated α-tubulin antibody
(clone 6-11B-1); Funakoshi, Tokyo, Japan; diluted at 1:1000 in the
blocking buffer] for 8 h. After extensive washing with TPBS for 8 h,
they were treated overnight with secondary antibody (Alexa 588-
conjugated anti-rabbit antibody; Invitrogen Corp., Tokyo, Japan;
1:1000 dilution in the blocking buffer). After several rinses with
TPBS, the larvae were dehydrated through an isopropanol series and
ﬁnally cleared using a 1:2 mixture of benzyl alcohol and benzyl
benzoate (Hotta et al., 2007). They were observed under a confocal
laser scanning microscope (Zeiss, LMS510 Meta or Olympus
FV1000D) with a 40× oil immersion objective.
TEM
Tadpole larvae were ﬁxed at 20 h after fertilization in preﬁxative
solution (0.45 M sucrose, 2.5% glutaraldehyde, 0.1 M sodiumcacodylate; pH 7.2) at 4 °C for 2 h. After three washes with 0.45 M
sucrose buffered with 0.1 M sodium cacodylate (pH 7.2), the larvae
were postﬁxed with 1% OsO4 buffered with 0.1 M sodium cacodylate
(pH 7.2) at 4 °C for 2 h. They were then washed with 0.1 M sodium
cacodylate (pH 7.2) at 4 °C for 10 min, dehydrated through an ethanol
and propylene oxide series, and embedded in Quetol 812 (Nisshin EM
Co., Tokyo, Japan). The resin was solidiﬁed at 60 °C for 48 h and thin-
sectioned with an average thickness of 70 nm. Sections were stained
with uranyl acetate and lead citrate and observed under a transmis-
sion electron microscope (JEM 1200EX; JEOL, Tokyo, Japan).
Results
Distribution of cilia in tadpole larvae observed by immunoﬂuorescent
microscopy
Unlike the ciliated swimming larvae in most marine invertebrates,
ascidians go through a developmental stage of tadpole larvae, which
swim using developed muscles in the tail. Immunoﬂuorescent
staining of whole tadpole larvae was performed using an antibody
against acetylated α-tubulin (Fig. 1). Areas of ﬂuorescence were
speciﬁed bymergingwith the differential interference contrast image.
Intense staining was observed in the area of the central nervous
system, i.e., along the neural tube and in the area of the sensory vesicle
(Figs. 1A and B). Fluorescence on the photoreceptive organ, the
ocellus, was the most intensely stained, but other parts within or near
the sensory vesicle were also stained. Signals in the sensory vesicle
were asymmetrically distributed in the confocal images from the right
and left sides of the larva (Figs. 1C–E). An intense signal was also
observed in the region of papillae extending from the sensory vesicle
to its anterior end. The sensory vesicle was fringed by many spotted
signals. Intense hair-like signals were observed on the epidermis of
both the trunk and tail regions. Spotted signals were detected around
the endodermal cavity in the trunk and endodermal strand in the tail
(Figs. 1A and C).
Amonoclonal antibody against acetylatedα-tubulin is also used as
an axonal marker in several animals (Marx et al., 2001; Wang et al.,
2007). Some of the previous studies used this antibody to label axons
in C. intestinalis (Hudson and Lemaire, 2001) and in a closely related
species, Ciona savignyi (Nakatani et al., 1999). However, we could not
ﬁnd any evidence that the antibody labels axons or neurites in C.
intestinalis tadpole larvae.
Conﬁrmation and ﬁne description of the structure of larval cilia by TEM
All the immunoﬂuorescent signals in the tadpole larva (Fig. 1)
suggest the presence of cilia on a variety of larval tissues. To conﬁrm
whether these signals were derived from ciliary axonemes, we
examined the ultrastructures around the region of the immunoﬂuo-
rescent signals using TEM. This observation gave information on the
structures of the axonemes and their accessory or peripheral
structures, such as centrioles and ciliary rootlets, as described
below. To determine the three-dimensional structures, we made
ultrathin sections along three planes that were perpendicular to each
other: (1) vertical longitudinal section paralleling both the anterior–
posterior and dorsal–ventral axes, (2) transverse section paralleling
both the left–right and dorsal–ventral axes, and (3) horizontal
longitudinal section paralleling both the anterior–posterior and left–
right axes (Fig. 1F). All the following electron micrographs were
obtained along one of these three planes.
Cilia in the sensory vesicle and neural tube
Photoreceptor cells
There are two pigmented organs in the sensory vesicle of Ciona
larvae: an anterior gravity sensor, the otolith, and a posterior
Fig. 1. Immunoﬂuorescent confocal microscopy of Ciona tadpole larvae with anti-acetylated α-tubulin antibody showing distribution of cilia. (A) Stacked confocal ﬂuorescent image of a whole mount of immunostained larvae. Arrow, signals
observed at papillae; arrowhead, signals at ventral side of the tail. NT, neural tube; DCEN, dorsocaudal epidermal neurons; VCEN, ventrocaudal epidermal neurons. (B) Immunoﬂuorescence merged with bright ﬁeld image. (C) Stacked confocal
image of the trunk region. aATEN, anterior apical trunk epidermal neurons; CE/CC/G3, ciliated ependymal cells/coronet cells/group III photoreceptors; GI/GII, group I/II photoreceptors; GP, gut primordium; NP, neurohypophysial duct;
pATEN, posterior apical trunk epidermal neurons; PN, papillar neurons; RTEN, rostral trunk epidermal neurons. (D) An optical section of a vertical plane of the larval trunk region across the otolith. (E) An optical section of a vertical plane of the
larval trunk region across the ocellus. (F) Schematic representation of the orientation of the TEM section. TVS, transverse section; LVS, longitudinal vertical section; HVS, horizontal vertical section.
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45A. Konno et al. / Developmental Biology 337 (2010) 42–62photoreceptor, the ocellus (Tsuda et al., 2003). Both immunoﬂuo-
rescent microscopy and TEM indicated that only the ocellus
contained ciliary structures. Because of its conspicuous appearanceand relation to vertebrate photoreceptors, the ultrastructure of the
ocellus in C. intestinalis has been well studied by TEM (Dilly, 1961,
1964; Eakin and Kuda, 1971). More detailed TEM observations of
46 A. Konno et al. / Developmental Biology 337 (2010) 42–62the photoreceptor with high magniﬁcation have been performed in
the other colonial ascidians Distaplia occidentalis (Eakin and Kuda,
1971) and Amaroucium constellatum (Barnes, 1974).
In C. intestinalis, the ocellus is embedded in the right posterior
wall of the sensory vesicle (Fig. 2A). The pigment cup opens to the
right ventral side (Figs. 2A and B). Photoreceptors associated with
this cup have been recently classiﬁed into two groups according tothe relative positions of outer segments (Horie et al., 2008b): One is
located inside the pigment cup and protrudes its outer segments into
the cup (group I; Figs. 2B and C) and the other lies along the curled
rim of the cup and protrudes its outer segments into the sensory
vesicle (group II; Fig. 2D). A vertical longitudinal section along the
dorsal–ventral axis contained cross-sectioned images of these two
types of cilia (Fig. 2D). Photoreceptor cells were composed of an
47A. Konno et al. / Developmental Biology 337 (2010) 42–62outer segment with piled lamellae, an inner segment containing
most of the cytoplasm, and a connecting cilium from the basal body
(distal centriole), together with the proximal centriole (second or
accessory centriole; Fig. 2C) representing the vertebrate type of
photoreceptor, as reported previously (Eakin and Kuda, 1971).
Most ciliary axonemes observed in both photoreceptor groups
showed 9+0 structures lacking central pairs, inner or outer dynein
arms, or radial spokes, but some electron-dense materials were
observed around the outer doublets (Figs. 2E and F). Some doublet
microtubules were partially disrupted and appeared singlet. In rare
cases, the central pair microtubules were observed in both group I
and II photoreceptor cells at the proximal part of the axonemes,
representing 9+2 structures (Fig. 2F, arrow). However, the dynein
arms were not attached to the doublet microtubules and appeared
to be different from those of motile cilia. Rootlets and proximal
centrioles were found around the basal body (Fig. 2C).
Furthermore, we found another cell population that showed
features similar to the photoreceptors. They were observed on the
left posterior ﬂoor adjacent to coronet cells protruding ciliary
structures into the sensory vesicle (Figs. 2A, G, and H). They had
stacked lamellae with embedded cilia, representing the typical
morphology of photoreceptors, although the lamellar structures
seemed less developed (Figs. 2G and H). The cilia were similar to
those of photoreceptors with the 9+0 structures, but some of them
contained central pair-like structures (data not shown). Judging
from the number of cells and their structural similarity to
photoreceptor cells, they are considered to be group III photo-
receptors, a third population of photoreceptors in Ciona tadpole
larvae (Horie et al., 2008b). The group III photoreceptor was
reported to be located left of the sensory vesicle near the coronet
cells, as conﬁrmed here by TEM. However, its morphology was
different from that reported previously (Horie et al., 2008b).
Pigment cells
The pigment cup of the ocellus consists of a single pigment cell of
which the convex surface is mostly exposed to the sensory vesicle
(Figs. 2A, B, and I). The nucleus is located at the posterior part where
the cell is embedded in the posterior wall of the sensory vesicle. We
found a cilium-like structure protruding into the lumen of the
sensory vesicle (Fig. 2I). A centriole always seemed to be located at
the anterior exposed surface of the cell and attached to the
membrane (Figs. 2I and J). The cilium was short and seemed
disorganized at the most distal part in cross section (Fig. 2I),
whereas a distinct axonemal structure was observed in the imme-
diate area of the basal body (Fig. 2J, arrow; Fig. 2J, inset). The A and
B tubules of the outer doublets are distinguishable but the central
pair appeared to be replaced by an amorphous electron-dense
material. Dynein arms were not found, and the cilium was
apparently immotile. Furthermore, some outer doublets were
bridged across the ciliary membrane by dense structures (Fig. 2J,
arrowheads). Because of the difﬁculty in pinpointing ciliary struc-
tures in thin sections, it is not certain whether every larva has a
ciliated pigment cell.Fig. 2. Cilia in ocellus. (A) Transverse section near the posterior end of the sensory vesicle
vesicle. The pigment cup opens towards the right ventral side. Possible group III photorece
Transverse section showing group I photoreceptor cells lining vertically above a lens cell. O
transverse image of outer segments. Connecting cilia link outer and inner segments. Basal
populations of photoreceptors in the same vertical plane. Group I photoreceptors (GI) are arra
photoreceptors (GII) lie outside the cup, and outer segments protrude directly into the senso
most of the connecting cilia have 9+0 structures. Electron-dense materials are found arou
observed (arrow). Scale bar=100 nm. (G) Left ventral region of the sensory vesicle is mag
structures protrude into the sensory vesicle from the posterior wall (arrow). Scale bar=200
immature and the outer segment is not fully developed. Scale bar=500 nm. Horizontal vertic
cup cell facing the sensory vesicle (opposite group I photoreceptor cells). Scale bar=1 μm. (J
axoneme extending from the basal body shown in J, traced by serial section. The central pa
bridged across the ciliary membrane by dense structures (arrowheads). Scale bar=1 μm (J),
photoreceptor; GII, group II photoreceptor; GIII, group III photoreceptor; PC, pigment cell;Coronet cells
Immunoﬂuorescent signals were observed on the left caudal wall
of the sensory vesicle (Fig. 1). A transverse section (Fig. 3A) or a
vertical longitudinal section (Fig. 3B) of the sensory vesicle revealed
the presence of coronet cells around the area of ﬂuorescence. Similar
to the saccus vasculosus in ﬁsh (Altner and Zimmermann, 1972;
Sueiro et al., 2007), coronet cells have tubulated bulbs that protrude
into the sensory vesicle. Several ultrastructural studies have been
conducted on coronet cells in ascidians (Dilly, 1969b; Eakin and Kuda,
1971; Reverberi, 1979; Svane, 1982; Kats, 1983) and larvaceans
(Olsson, 1974). Coronet cells were presumed to be sensory cells but
their precise functions were unknown (Dilly, 1969b; Eukin and Kuda,
1971). Previous studies demonstrated the presence of cilia in bulb-
like structures (Dilly, 1969b; Eukin and Kuda, 1971).
Coronet cells of C. intestinalis tadpole larvae showed columnar
structures, which were approximately 4–5 μm in width and 7–10 μm
in height and lined on the basal lamina under the epidermis (Fig. 3C).
Their round nuclei were located basally and were approximately 4 μm
in diameter. The tubulated bulb with a complex membranous
structure was connected to the apical surface of the cell by a short
ciliated stalk (Fig. 3D, arrow). The ciliated stalks have 9+0 axonemes,
as reported previously (Fig. 3E; Eukin and Kuda, 1971). Other cilia
were observed around the tubulated bulbs (Fig. 3D, arrowheads).
Although Kats (1983) considered these disordered cilia as ciliated
stalks in the coronet cells, they seemed to be derived from ciliated
ependymal cells as described below.
Ciliated ependymal cells
Only one previous study mentioned ciliated ependymal cells
(Dilly, 1964); however, data on their localization and ultrastructure
have not been reported. Our TEM observation conﬁrmed a group of
ependymal cells with cilia in the sensory vesicle (Figs. 4A and B).
These cells were located left of the otolith and were conﬁned to the
dorsal roof, posterior to the opening of the neurohypophysial duct.
Their morphology was similar to coronet cells but the apical surfaces
of these cells bulged, and vesicular structures were often observed
(Figs. 4A–E). These cells were adjacent to the coronet cells at their left
border, and their cilia often extended between the tubulated bulbs of
the coronet cells (Fig. 4D). A proximal centriole and rootlet were
found at the basal body of the cilia (Figs. 4B and E). Ciliary axonemes
of the ependymal cells had well-arranged 9+2 structures at their
base, but these began to collapse in the most distal region. No dynein
arms were observed in any of the cases, thus suggesting that the cells
are immotile (Fig. 4F).
Neurohypophysial duct
A narrow duct protruded anteriorly from the anterior–dorsal
part of the sensory vesicle, where ﬂuorescence from immunostain-
ing with anti-acetylated α-tubulin antibody was clearly detected
(Fig. 1). The structure was differently termed in several morpho-
logical studies, such as neuropore (Katz, 1983), neurohypophysis
(Cole and Meinertzhagen, 2001, 2004), and neurohypophysial duct
(Manni et al., 2005; Imai and Meinertzhagen, 2007a). An. Larval posterior view. Ocellus is embedded on the right posterior wall of the sensory
ptors are seen on the left ventral wall (arrow, see also G and I). Scale bar=5 μm. (B)
uter segments direct to left towards the pigment cup. Scale bar=1 μm. (C) Magniﬁed
bodies have rootlets. Scale bar=500 nm. (D) Longitudinal vertical image shows two
nged in rows in the pigment cup and outer segments protrude into the cup. The group II
ry vesicle (dotted lines). Scale bar=2 μm. (E) Longitudinal vertical section showing that
nd outer doublets. Scale bar=100 nm. (F) Central pair-like structures are occasionally
niﬁed, showing the position of group III photoreceptors. Lamellar outer segment-like
nm. Transverse image. (H) Cilium of the possible group III photoreceptor. It is probably
al image. (I) A short cilium (arrow) is occasionally observed on the surface of a pigment
) A ciliary basal body on a pigment cup cell in a longitudinal section (arrow). Inset is the
ir appears to be replaced by dense amorphous material, and some outer doublets are
100 nm (inset). OS, outer segment; CC, connecting cilium; IS, inner segment; GI, group I
R, rootlet.
Fig. 3. Coronet cells. Coronet cells lie on the left caudal wall of the sensory vesicle, and ciliated bulbs protrude into the lumen. (A) A view from larval posterior. Arrows indicate
coronet cells. Scale bar=5 μm. Transverse section. (B) Ciliated ependymal cells are also observed above the coronet cells (arrow). Scale bar=2 μm. Longitudinal vertical section. (C)
Coronet cells are columnar cells associatedwith the basal lamina of epidermal cells. Scale bar=2 μm. Horizontal vertical section. (D) A single tubulated bulb with a short ciliated neck
protrudes from the apical surface of each coronet cell (arrow). Other disordered cilia from ciliated ependymal cells are also found near the tubulated bulbs (arrowheads; Fig. 5). Scale
bar=2 μm. Horizontal vertical section. (E) The axoneme of the ciliated neck shows 9+0 structures lacking dynein arms and radial spokes. Scale bar=100 nm. Longitudinal vertical
section.
48 A. Konno et al. / Developmental Biology 337 (2010) 42–62invagination of the dorsal epidermis where the duct opens has also
been differently termed a primordial pharynx (Katz, 1983) or
stomodeum (Willey, 1892, 1893; Manni et al., 2005). Considering
the structure, possible functions, and differentiating organs inFig. 4. Ciliated ependymal cells. (A) Cilia protrude into the lumen from a group of cells locate
ocellus. Scale bar=2 μm. Horizontal vertical section. (B) Magniﬁed image around ependym
basal bodies are associated with proximal centrioles (PC). Scale bar=500 nm. Horizontal ver
epidermal cells. Scale bar=1 μm. Transverse section. (D) The ciliated ependymal cells (C
bar=500 nm. Transverse section. (E) The basal body of the ciliated ependymal cells has a pro
section. (F) Although the axonemes show 9+2 structure at the basal part, they are graduall
bar=100 nm. Horizontal vertical section.adults, we adopt the terms “neurohypophysial duct” and “stomo-
deum” in the present study.
There are several reports on the presence of cilia in the
neurohypophysial duct (Katz, 1983; Manni et al., 2005), but theird at the left caudal region of the sensory vesicle (inset). ND, neurohypophysial duct; OC,
al cells. Vesicular structures bulge from the apices of the ciliated ependymal cells. The
tical section. (C) These ciliated ependymal cells are attached to the basal lamina of dorsal
E) are adjacent to the coronet cells (CC) at the left wall of the sensory vesicle. Scale
ximal centriole and extends a short striated rootlet (R). Scale bar=500 nm. Transverse
y disorganized toward the apical tip. In all cases, dynein arms were not observed. Scale
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50 A. Konno et al. / Developmental Biology 337 (2010) 42–62ultrastructures have not been described in detail. TEM revealed
that the neurohypophysial duct was located above the left side of
the rostral part of the sensory vesicle (Fig. 5A). Although the duct
is narrow (about 2 μmindiameter),more than ten cilia could be found
in cross sections near the opening to the sensory vesicle, where the
lumenof the ductwas relatively smooth and lackedmicrovilli (Fig. 5B).
The ciliary axonemes represented typical 9+2 structures containing
both outer and inner arm dyneins and radial spokes, as seen in motile
cilia (Fig. 5C). In contrast to the posterior part of the duct, the anterior
part was ﬁlled with mainly irregular microvilli and contained only a
few cilia (Fig. 5D). Cilia in the neurohypophysial duct protruded
toward the sensory vesicle from the opening situated at the left roof
above the otolith (Figs. 4A and 5E).
Atrial primordia
Two primordia of an adult atrial siphon or atrial primordia are
located on each lateral side of a tadpole larva (Katz, 1983; Mazet et al.,
2005). They are observed as invaginations of larval epidermis, whichFig. 5. Neurohypophysial duct. (A) The neurohypophysial duct runs above the left roof of the
duct has relatively smooth lumen and is occupied by a number of cilia. Scale bar=500 nm. T
motile-type 9+2 arrangements containing inner/outer dynein arms and radial spokes. Scale
mostly occupied by irregular microvilli with fewer cilia. Scale bar=500 nm. Transverse se
protrude into the lumen of the sensory vesicle. Scale bar=1 μm. Longitudinal vertical sectiare ﬁlled with tunic. The primordia fuse on the dorsal midline and
form an atrial siphon after metamorphosis. We found occasional short
cilia in the pockets of atrial primordia (Fig. 6). These cilia were
observed in the inner compartment of the tunic. Although some
ﬁbrous structures were seen inside the cilia, these were different from
typical axonemes and seemed identical to those in the short cilia on
the larval epidermis (also see aATEN described below).
Neural tube
Immunostaining with anti-acetylated α-tubulin antibody showed
very intense signals along almost the entire length of the neural tube
(Fig. 1). Structures of cilia from ependymal cells of the neural tube
have been previously described in detail (Crowther and Whittaker,
1992). A transverse section across the neural tube usually contained
1–3 cilia but intervals lacking cilia were occasionally observed. These
cilia were surrounded by matrix with amorphous ﬁbrous structures,
possibly secreted from the ependymal cells (Figs. 7A and D, arrow).
We conﬁrmed that the axoneme showed the typical structure ofsensory vesicle (square). Scale bar=5 μm. Transverse section. (B) Posterior part of the
ransverse section. (C) The axonemes of cilia in the neurohypophysial duct have typical
bar=100 nm. Transverse section. (D) Anterior part of the duct near the stomodeum is
ction. (E) Opening of the neurohypophysial duct into the sensory vesicle, where cilia
on. R, rootlet.
Fig. 6. Atrial primordium. The atrial primordium invaginates from the lateral sides of the trunk epidermis toward its anterior. A few short cilia are observed. Transverse image. Scale
bar=500 nm. PC, proximal centriole.
51A. Konno et al. / Developmental Biology 337 (2010) 42–62motile cilia with a 9+2 arrangement containing both outer and inner
dynein arms and radial spokes (Fig. 7B). A basal body paralleled the
neural tube and extended a rootlet (Fig. 7E).
Based on immunoﬂuorescent microscopy, the sensory vesicle and
neural tube appeared not to be connected to each other (Fig. 1). In the
present study, we carefully observed the region around the visceral
ganglion between the neural tube and sensory vesicle by TEM. We
found that a very narrow tube extended from the right side of the
posterior end of the sensory vesicle and connected to the anterior end
of the neural tube around the visceral ganglion (Fig. 7D). Cilia in the
narrow tube lacked dynein arms, and the axonemal structures were
disordered at the distal ends (Figs. 7C and D), indicating that they
were different from those in the neural tube.
Epidermal sensory neurons
Four types of epidermal sensory neurons constitute the peripheral
nervous system of Ciona larvae: (1) papillar neurons in adhesive
papillae, (2) RTEN lying between the base of adhesive papillae and the
stomodeum, (3)ATENembedded in thedorsal trunkepidermis between
the stomodeum and trunk-tail junction, and (4) caudal epidermal
neurons (CEN) lying along the dorsal and ventral midline of the larval
tail (Takamura, 1998; Imai and Meinertzhagen, 2007b; Horie et al.,
2008a). Because anti-acetylated α-tubulin antibody stained putative
neuronal cilia (Fig. 1), we investigated the presence of cilia by TEM.
Papillar neurons
There are three adhesive papillae at the anteriormost trunk of
ascidian larvae; these papillae help in attachment of larvae to a
substrate at the onset of metamorphosis. It was reported that the
compound ascidian Diplosoma macdonaldi had two types of ciliated
primary sensory neurons in its complex papillae (Torrence and
Cloney, 1983). Furthermore, Katz (1983) reported that no cilia were
present in the adhesive papillae of C. intestinalis larvae. However, in
this study, immunoﬂuorescent staining clearly showed cilia in all
three papillae (Fig. 1).
Two dorsal and one ventral papillae of C. intestinalis larvae are
cone-shaped and occupy apices of an inverted regular triangle infrontal view. TEM observation conﬁrmed that cilia (Figs. 8A and B,
arrows) and microvilli (Fig. 8A, arrowheads) protruded into the tunic
from the tip of the adhesive papillae. A bundle of papillar neurons was
surrounded with epidermal cells for themost part and was exposed to
the tunic at the tip of the adhesive papillae (Fig. 8A; Takamura, 1998;
Imai and Meinertzhagen, 2007b; Horie et al., 2008a), where cilia and
microvilli are found. In the electronmicrograph, the somata of papillar
neurons appeared slightly brighter than epidermal cells, which is a
feature commonly seen in epidermal sensory neurons. The larval
trunk including the papillae is covered with two cuticular layers
(Cloney and Cavey, 1982): one is an outer cuticular layer (C1) forming
the outermost larval ﬁn covering the entire larva and the other is an
inner cuticular layer (C2) covering the trunk only. Electron transpar-
ent matrix compartments are present between C1 and C2 (outer
compartment) as well as C2 and the larval epidermis (inner
compartment; Fig. 8A). Cilia protruded from apical pits of the papillar
neurons and bent along the C2 layer. In contrast to other epidermal
neurons, no cilia from papillar neurons were observed in the outer
compartment, whereas microvilli penetrated the C2 layer and entered
the outer compartment. The basal body accompanied a proximal
centriole (Fig. 8B), and the axoneme showed a 9+2 structure lacking
dynein arms at its base (Fig. 8C). In this region, unique electron-dense
bridges linked the outer doublets to the ciliary membrane (Fig. 8C,
arrow). Other structures were found between these bridges (Fig. 8C,
arrowhead). At the distal part, the ciliarymembranewas enlarged and
the axoneme was embedded in amorphous materials (Fig. 8D). The
axonemes rapidly became disorganized after they left the apical pits.
Small vesicles were occasionally found associated with axonemes in
this region (Fig. 8D, arrow).
RTEN
We found immunoﬂuorescent signals on the dorsal trunk
epidermis (Fig. 1). Although Dilly (1969a) and Katz (1983) reported
cilia in the tunic of C. intestinalis larvae, they did not demonstrate
their location, the cilia-bearing cell type, or detailed axonemal
ultrastructure. In another ascidian Halocynthia roretzi, trunk epider-
mal neurons corresponding to RTEN were thought to have cilia
(Ohtsuka et al., 2001a,b); however, direct evidence was not shown.
Fig. 7. Neural tube. (A) Transverse section of the neural tube shows cilia along the tube. They are surrounded by ﬁbrous matrix. Scale bar=200 nm. (B) The axoneme has a typical 9
+2 structure containing outer and inner dynein arms and radial spokes. The arrow shows exocytosis of the possibly ﬁbrous matrix in the neural tube. Scale bar=100 nm. (C and D)
At the anterior end of the neural tube, the diameter of the tube becomes small but a few cilia with disarranged 9+2 structures are observed. Scale bars=100 nm in C and 200 nm in
D. (E) Longitudinal section shows that a basal body is parallel to the neural tube. A rootlet is clearly observed. Scale bar=500 nm.
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intestinalis have cilia.
Immunostaining detected three groups of signals around the
dorsal trunk epidermis (Fig. 1C). According to previous reports, RTEN
corresponds to an anterior group of neurons lying between the
papillae and stomodeum. ATEN seems to correspond to two posterior
groups above the sensory vesicle (Fig. 1C; Takamura, 1998; Imai and
Meinertzhagen, 2007b, Horie et al., 2008a). We considered that these
signals were derived from putative cilia of RTEN and ATEN, and we
examined the ultrastructures by EM.
Round somata of RTEN were embedded in the dorsal epidermis,
anterior to the stomodeum (Fig. 9A). The soma was almost entirely
covered with epidermal cells, and only a small region of apical pit was
exposed to the tunic, where a ciliary neurite protruded. Around the
pit, the C2 came closer and was almost completely attached to the cell
surface (Fig. 9B, arrows). Therefore, in contrast to the cilia of papillar
neurons, RTEN cilia directly protruded into the outer compartment,
without passing through the inner compartment. At the basal part, the
axoneme of RTEN showed a well-arranged 9+2 structure without
dynein arms. It had bridges linking the outer doublets and ciliarymembrane (Fig. 9C, arrows) and other connecting structures between
these bridges (Fig. 9C, arrowhead), as in papillar neurons. The
axoneme of RTEN was also disarranged at the distal end.
ATEN
Somata of ATEN were embedded in the dorsal epidermal cells and
had long neurites that protruded into the tunic (Imai and
Meinertzhagen, 2007b). ATEN is composed of 2 subpopulations,
anterior ATEN (aATEN) and posterior ATEN (pATEN) (Imai and
Meinertzhagen, 2007b). Immunostaining suggested that both of
them had putative neuronal cilia. aATEN were found in the epidermis
above the rostral part of the sensory vesicle (Fig. 10A). Although
most of the apical surface of the aATEN was covered with epidermal
cells, a single cilium protruded into the tunic from a small apical area
(Figs. 10A and B). Similar to RTEN, C2 was attached to the pit and a
cilium from aATEN directly entered the outer compartment (Fig. 10B,
arrows). The ciliary axoneme showed a 9+2 structure at the
proximal part but lacked dyneins. It also had electron-dense
structures bridging the outer doublets and membrane (Fig. 10C,
arrow) and another connecting structure between them (Fig. 10C,
Fig. 8. Papillar neurons. (A) Cilia from papillar neurons protrude from the cellular pit into the tunic (arrow) and microvilli (arrowheads). Microvilli are found in both the inner and
the outer compartments. C1, outer cuticular layer; C2, inner cuticular layer; OC, outer compartment; IC, inner compartment. Scale bar=500 nm. Longitudinal vertical section. (B)
Cross section of the tip of a papilla. A cilium (arrow) bends along the C2 layer and does not enter the outer compartment. The basal body is associated with a proximal centriole. Scale
bar=500 nm. Transverse section. (C) The axoneme shows 9+2 structure lacking dynein arms in the basal part. Outer doublets are connected to the ciliary membrane by electron-
dense bridges (arrow). Other connecting structures are also found between the bridges (arrowheads). Scale bar=100 nm. (D) At the distal part of the cilia, the ciliary membrane is
enlarged and disarranged axonemes are surrounded by amorphous materials in the lumen. Small vesicles are occasionally observed in the cilia (arrows). Scale bar=100 nm.
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apical pit, and the neurites still continued to extend. The anti-
acetylated α-tubulin antibody only recognized the proximal part ofneurites. TEM also did not show any microtubule structures in the
distal part of the neurites. Furthermore, we occasionally found cilia
from non-neuron epidermal cells. In contrast to the cilia of epidermal
Fig. 9. RTEN. (A) The somata of RTEN embedded in the epidermal cells are round and slightly brighter than the surrounding epidermal cells. EP, epidermal cells. Scale bar=1 μm. (B)
A single cilium emanates from the apical pit of RTEN. Because the C2 layer is attached to the pit (arrows), the cilium protrudes directly into the outer compartment. C1, outer cuticular
layer; C2, inner cuticular layer; OC, outer compartment; IC, inner compartment. Scale bar=500 nm. (C) The basal part of cilia has a 9+2 axonemewith bridges connecting the ciliary
membrane and outer doublets (arrows), with other connecting structures between these bridges (arrowheads). Scale bar=100 nm. All sections in this ﬁgure are transverse.
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them; they were always embedded in the inner compartment of the
tunic (Fig. 10D). The ﬁne structure of cilia was not examined in this
study but it appeared less organized and similar to those in the atrial
primordia.
TEM showed that the somata of the pATEN lay in the dorsal
epidermis of the posterior trunk, between the caudal end of the
ocellus pigment cell and the anterior region of the trunk–tail junction
(Fig. 11A). Ciliary neurites of the pATEN protruded into the tunic from
the apical pit, which was not covered with epidermal cells (Figs. 11A
and C). The axonemal structure of the pATEN also appeared identical
to that of other epidermal neurons. It showed a well-arranged 9+2
structure without dynein arms. Electron-dense bridges linked outer
doublets with the ciliary membrane (Fig. 11B arrow). Similar to the
case in RTEN and aATEN, C2 approached close to the apical surface of
pATEN, and the cilia appeared to directly enter the outer compart-
ment (Fig. 11C). Although the cilia gradually became disorganized
after they left the pit, neurites continued to elongate toward the edge
of the tunic (Fig. 11D).
CEN
Peripheral neural cells in the larval tail on the dorsal and ventral
midline are termed dorsocaudal epidermal neurons (DCEN) and
ventrocaudal epidermal neurons (VCEN), respectively. These cells are
reported to bear cilia (Torrence and Cloney, 1982; Crowther and
Whittaker, 1994). Before our present observations, they were the only
epidermal neurons known to have cilia in C. intestinalis. As recently
reported by Pasini et al. (2006), anti-acetylated a-tubulin antibodyshowed paired cilia that protruded into the tunic vertically from both
DCEN and VCEN (Fig. 1).
We conﬁrmed previous reports and observed the axonemal
structure in more detail. Somata of paired CEN were embedded in
the epidermal cells. They could be easily distinguished from other
epidermal cells because of their peculiar morphology, i.e., bright and
round somata, nuclei shifted from the midline, and swollen apices
(Fig. 12A). Most of the apical surface of the CEN was covered with
epidermal cells, but a cilium protruded from a small region with a pit
(Fig. 12A, arrows). The pit was usually shallow compared to that of D.
macdonaldi (Torrence and Cloney, 1982; Fig. 12B). The cilia protruded
vertically from the pits but their distal parts were bended and became
positioned upward along the tail. Therefore a transverse section
sometimes contained cross-sectioned images of more than two cilia
(Fig. 12C). C2 was closed around the trunk–tail junction, and the tail
was surrounded only by C1 and the outer compartment. Therefore,
cilia of the CENwere embedded in the outer compartment, as in RTEN
and ATEN. As previously reported (Torrence and Cloney, 1982;
Crowther and Whittaker, 1994), cilia of the CEN were disorganized
at the distal part (Fig. 12D). Cilia on both DCEN (Fig. 12E) and VCEN
(Fig. 12F) had the same ultrastructure. Dynein arms were not
observed but radial spokes were recognized. The outer doublets
were linked to the membrane by electron-dense bridges (Figs. 12E
and F, arrows), and these neighboring bridges appeared to be
connected by other ﬁbrous structures (Figs. 12E and F, arrowheads).
Although dynein-like protrusions were occasionally observed at the
position where axonemal disorganization began, we considered that
they were not dyneins but distorted bridging structures described
Fig. 10. aATEN. (A) The somata of aATEN are embedded among dorsal epidermal cells lying above the anterior sensory vesicle. A ciliary neurite protrudes from the apical pit of the
aATEN into the tunic (arrow). Some neurites appear to branch in anterior and posterior directions (arrowheads). Scale bar=5 μm. Longitudinal vertical section. (B) Magniﬁed image
of the cilium observed in panel A. The axoneme is observed in the proximal region and is disorganized at the distal part. The distal part of the neurite in the tunic contains a
disorganized ﬁlament and occasional small vesicles. Note that C2 attaches to the pit and the cilium directory enters the outer compartment (arrows). Scale bar=500 nm. (C) The
axoneme of the cilium at the basal part contains a well-arranged 9+2 structure lacking inner/outer dyneins. Electron-dense bridges link the outer doublets andmembrane (arrow),
and another electron-dense structure appears to link them (arrowhead). Scale bar=100 nm. Transverse section. (D) Single cilia on the surface of non-neuronal epidermal cells are
occasionally found. Cilia that differ from those of sensory cells are always found in the inner compartment. Scale bar=500 nm. Transverse section. C1, outer cuticular layer; C2, inner
cuticular layer.
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observed at the distal part of the cilia. These features were quite
similar to those in other epidermal neurons, suggesting that cilia of all
epidermal neurons were identical. Following disorganization of the
outer doublets and the central pair arrangement, the number of
microtubules gradually decreased. Even after they were completely
disorganized, the neurites were elongated and appeared to reach the
edge of the ﬁn.
Cilia on endodermal tissues
Gut primordium
Endodermal cells occupy two-thirds of the ventral part of the
larval trunk and form a gut primordium (or pharynx) in tadpole
larvae. These cells are rich in yolk vesicles and form a single layer that
encloses its lumen called endodermal cavity. The anterior part of the
endodermal cavity appeared T-shaped in a transverse section (Fig.13A). Immunoﬂuorescent microscopy showed dispersed signals over
the gut primordium (Fig. 1), but the presence of cilia in this region has
not been described previously. We found that the immunoﬂuorescent
signals were, in fact, due to ciliary structures protruding from
endodermal cells into the cavity (Figs. 13B–G). These cilia were
usually short but varied in length and often protruded from cellular
pits (Figs. 13C and E). The basal bodies did not connect to rootlets
(Figs. 13B and C). A proximal centriole was occasionally observed
around the basal body (Fig. 13B).
The structures of the cilia were diverse; most of them had 9+0
structures but some cilia contained electron-dense material in the
center of the axoneme (Figs. 13B–E). Cross sections of axonemes
showed that the central structure was amorphous and apparently
different from typical central pairs (Fig. 13E). In any case, dynein arms
were not observed, suggesting that cilia in this region are immotile.
The endodermal cavity was asymmetric at the posterior part (Fig.
13F). A group of cells with irregular vesicles near the apical surface
Fig. 11. pATEN. (A) The round somata of pATEN embedded in the epidermis around the posterodorsal trunk, protruding ciliary neurites into the tunic (arrow). Scale bar=1 μm. (B)
The axoneme of pATEN appears identical to that of papillar neurons, RTEN, and aATEN. It shows a 9+2 structure and contains electron-dense bridges linking the outer doublets and
membrane (arrow). Scale bar=100 nm. (C) A ciliary neurite protrudes from an apical pit of pATEN. As in RTEN and aATEN, the inner cuticular layer is close to the cell surface around
the pit, and the cilium enters the outer compartment. C1, outer cuticular layer; C2, inner cuticular layer; OC, outer compartment; IC, inner compartment. Scale bar=500 nm. (D) At
the distal part of cilia where the axonemal structures are disorganized, some microtubules continue to elongate toward the edge of the ﬁn. Scale bar=500 nm. All electron
micrographs in this ﬁgure show transverse sections.
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primordium at the right side of the trunk (Figs. 13F and G). They
appeared to be a primordium of some adult organ. A single cilium
emanated from the apical surface of the cell to the lumen. These cilia
appeared to have the same structure as those found in other parts of
the endodermal cavity.
Endodermal strand
The endodermal strand is located at the ventral region of the
notochord throughout the entire tail. It is formed from a group of
cells that continue from the gut primordium. A few dotted signals
were observed under immunoﬂuorescent microscopy (Fig. 1A), butthere have been no reports on the presence of cilia in the
endodermal strand. TEM conﬁrmed that immunoﬂuorescence
corresponded to ciliary structures extending ventrally from the
endodermal cells (Fig. 14A). These cilia were quite short in length
(less than 500 nm) and lacked transition zones (Fig. 14A). An image
of the axoneme represented a 9+0 arrangement and was similar to
that of the primary cilium seen in vertebrates (Fig. 14B, inset).
Discussion
Recent studies have clearly demonstrated that cilia play important
roles in cell motility or ﬂow generation and in receiving extracellular
Fig. 12. CEN. (A) Paired somata of CEN are embedded among epidermal cells. A single ciliary neurite protrudes from each cell into the tunic. (A) Transverse image of the region near
the ventral tip of the tail. Scale bar=1 μm. (B) The apical pit of the CEN fromwhere a cilium emanates is usually shallow. Scale bar=500 nm. (C) Near the end of the tail where cilia
tend to bend down, more than two cilia are sometimes seen in one section. The arrangement of microtubules in the axoneme is disorganized. Scale bar=200 nm (D) Serial sections
of the same cilium. Left, near the epidermis with a 9+2 structure; right, the more distal part with disorganized axoneme. Scale bar=200 nm. (E and F) Basal parts of the cilia
extending from both the DCEN (E) and VCEN (F) show unique axonemal structures similar to those of other epidermal neurons, electron-dense bridges linking outer doublets and
membranes (arrows), and other connecting structures between these bridges (arrowheads). Scale bars=100 nm. All electron micrographs in this ﬁgure show transverse sections.
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ascidian tadpole larvae using immunoﬂuorescent microscopy and EM
techniques. Unlike most marine invertebrates, ascidian larvae do not
bear any cilia on the ectoderm for swimming but move using muscles
developed in the tail. Ascidian larvae are suitable for investigation of
cilia in whole individuals because in contrast to the simplicity in
tissue organization, various types of cilia differentiate 20 h after
fertilization. This is a great advantage in using ascidian embryos to
study ciliary function or ciliogenesis and should shed new light on
ciliary functions in both vertebrates and invertebrates.
New description on cilia in Ciona tadpole larvae
Distribution of cilia in Ciona tadpole larvae is summarized in
Fig. 15. By combined investigation using immunoﬂuorescentmicroscopy and EM, we described several cilia in tadpole larvae,
which had not been reported in C. intestinalis. We ﬁrst described
the connecting cilium of group II photoreceptors and also found
outer segment-like structures in group III photoreceptors at the
left posteroventral ﬂoor of the sensory vesicle, adjacent to
coronet cells. The structures that we observed here were less
developed compared to outer segments of group I and II
photoreceptors. Some of the observed outer segment-like struc-
tures were quite similar to the developing outer segment in A.
constellatum (Barnes, 1974). Furthermore, the immunoreactivity
of group III photoreceptor cells for anti-Ci-opsin antibody
gradually increases after hatching and reaches a maximum after
26 h in C. intestinalis larvae (Horie et al., 2008b). Therefore, the
structures observed here are thought to be cilia in the developing
group III photoreceptors.
Fig. 13. Gut primordium. (A) The endodermal cavity is formed by endodermal cells in the gut primordium. At the anterior part, the endodermal cavity is bilateral and T-shaped. Cilia
protrude from the endodermal cells into the cavity. Scale bar=5 μm. OT, otolith; EC, endodermal cavity; GP, gut primordium. (B and C) Cilia in the gut primordium vary in length and
structure. Some cilia protrude without a pit (B) but some protrude from a pit (C). Bar=500 nm. (D and E) The axoneme contains nine doublet microtubules. Some dense structures
are often observed in the center of the axoneme. (E). Scale bar=100 nm. PC, proximal centriole. (F) At the posterior part, the gut primordium shows asymmetry. A peculiar gland-
like arrangement of cells is seen at the right side (asterisk). Scale bar=5 μm. (G) Basal bodies (arrows) and irregular small vesicular structures are found on the apical surfaces of the
cells. Cilia (arrowheads) show an axonemal structure similar to that found in other parts of the gut primordium. Scale bar=1 μm. All sections in this ﬁgure are transverse.
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dorsal ependymal cells in the sensory vesicle. To our knowledge, this
is the ﬁrst detailed observation of the cilia, although Dilly (1964)
brieﬂy mentioned the presence of cilia in the sensory vesicle. The
axonemes showed 9+2 arrangements at the basal part but were
disorganized at the distal part. Morphology of the cilia is similar tohuman olfactory cilia (Moran et al., 1982), suggesting that they are
immotile sensory cilia. These cilia are located just behind the opening
of the neurohypophysial duct and could be functionally related.
Third, we observed unique ultrastructures of cilia on papillar
neurons, RTEN, and ATEN and demonstrated that all known epidermal
neurons in C. intestinalis larvae were ciliated. All cilia appear identical
Fig. 14. Cilia in the endodermal strand. (A) Cilia from the endodermal strand have a clear centriole but lack both a transition zone and a long axonemal region. (B) The axoneme near
the apical region of the cilia shows a 9+0 arrangement (inset). Scale bar=500 nm. Both electron micrographs show transverse sections.
Fig. 15. Schematic representation of ciliary distribution in Ciona tadpole larvae. (A) Stereoscopic representation showing the positions of cilia observed in this study. (B–D)
Transverse views at the levels of otolith (B), ocellus (C), and the middle of the tail region (D). Cilia are indicated in red. Note that cilia on atrial primordia and those observed on non-
neuronal epidermal cells are not included in this drawing. PN, papillar neuron; aATEN, anterior apical trunk epidermal neurons; pATEN, posterior apical trunk epidermal neuron;
DCEN, dorsocaudal epidermal neurons; VCEN, ventrocaudal epidermal neurons; GI, group I photoreceptor; GII, group II photoreceptor; GIII, group III photoreceptor; NP,
neurohypophysial duct; CE, ciliated ependymal cell; CC, coronet cell; GP, gut primordium; NT, neural tube; NC, notochord; ES, endodermal strand; LC, lens cell; OT, otolith; PC,
pigment cup; MC, mesenchyme cell; MS, muscle cell.
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60 A. Konno et al. / Developmental Biology 337 (2010) 42–62in ultrastructure. They emerge from apical shallow pits; the ciliary
axonemes have well-arranged 9+2 structures lacking dynein arms at
the short basal region; the outer doublets and ciliary membrane are
connected by dense bridging structures, and each of these bridges is
connected to each other by another structure; and the axoneme is
disorganized immediately after it leaves the pit. The only difference
observed is their position in the tunic. In RTEN and ATEN, the C2 layer
attaches around the ciliary pits and, therefore, their cilia directly
protrude into the outer compartment. Cilia in CEN are also embedded
in the outer compartment because the larval tail lacks an inner
compartment and C2. In contrast, there is no close association of C2
with ciliary pits in papillae, and therefore, cilia of papillar neurons are
embedded in the inner compartment. This difference may be related
to the fact that papillar neurons are clustered and a larger part of their
surface is exposed to the tunic. In contrast, other epidermal sensory
neurons are separately located in epithelia where almost the entire
region is covered with non-neuronal cells.
Fourth, we found cilia in two endodermal tissues, i.e., the gut
primordium and endodermal strand. Both cilia appear to be monocilia
and immotile with atypical axonemal structures and rather resemble
the primary cilia seen in vertebrates. Cilia protruding from gut
primordial cells were abundant and appeared to be present on all cells
facing the endodermal cavity. As tadpole larvae develop into adults
through metamorphosis, the endodermal cavity opens to the envi-
ronment through the stomodeum and forms the gut. After completion
of metamorphosis, cells in the entire gut region bear motile and
multiple cilia to propel mucus (Millar, 1953). The term “primary cilia”
now often also refers to immotile sensory cilia but it was originally
derived from the immotile monocilia that emerge “primarily” during
differentiation of pulmonary ciliated epithelium (Sorokin, 1968).
From this point of view, cilia of the gut primordium in C. intestinalis
are “primary cilia” in terms of the original meaning. To our
knowledge, this is the ﬁrst description of primary cilia in inverte-
brates. Transition in the type and structure of cilia during metamor-
phosis may provide a useful perspective of the mechanisms involved
in formation of different types of cilia and evolution of primary cilia.
Possible functions of larval cilia
Cilia play an important role as motile machinery in most marine
invertebrates. However, no motile cilia were found on the larval
surface in ascidian larvae. We found several cilia in tadpole larvae but
their functions have not been elucidated. Among them, those found in
photoreceptor cells are thought to act as connecting cilia, as seen in
vertebrates. Cilia in coronet cells are also surrounded by a large
amount of cytoplasm. This similarity to connecting cilia in photore-
ceptor cells suggests that the cilia in coronet cells may be functionally
similar to those photoreceptor cells, although they do not transport
opsins but possibly other components necessary for functioning of
cornet cells.
In Amphioxus, four types of photoreceptors have been reported.
Two of them, the frontal eye and the lamellate cell (or lamellar body),
are putative ciliated photoreceptors and the others, the Joseph cells
and the dorsal ocelli (or Hesse photoreceptor cells) are rhabdomeric
ones (Eakin and Westfall, 1962; Ruiz and Anadón, 1991; Lacalli et al.,
1994; Lacalli, 1996, 2004; Gomez Mdel et al., 2009). Both lamellar
body of amphioxus and ocellus of ascidian are suggested to be
homologous to median eye (pineal eye or parietal eye) of vertebrates
(Lacalli, 2004; Kusakabe and Tsuda, 2007; Horie et al., 2008b).
Intriguingly, the axoneme in amphioxus lamellate cell represents 9
+2 structure (Ruiz and Anadón, 1991). The central pair-like
structures occasionally observed in the photoreceptors of Ciona larvae
may reﬂect evolutional transition of the axonemal structures in
photoreceptors from 9+2 in the common ancestor of chordates to
the vertebrate 9+0. On the other hand, group III photoreceptors,
which are not associated with ocellus, may be related to the frontaleye of amphioxus. Alternatively, since group III photoreceptors are
found in the region, which is proposed to be homologous to vertebrate
hypothalamus (Moret et al., 2005a,b; Horie et al., 2008b), they may be
related to so-called deep brain photoreceptors (for review, see Vígh
et al., 2002). To further discuss the evolutional relationship among
these photoreceptors, more information is required from functional
analysis, cell lineage tracing, differentiation mechanism, and inner-
vation pattern of the group III photoreceptors.
In epidermal sensory neurons, unique structures were observed
linking the outer doublets and ciliary membrane in the proximal
region of the cilium. Although the axonemes where the bridges were
found were well ordered, these bridges were no longer observable
just after the disorganization region of the axoneme. Therefore, these
structures are thought to stabilize or ﬁx the axoneme to the ciliary
membrane. Alternatively, they might provide some functional link
between the ciliary membrane and microtubules in perception of
stimuli. In their distal part, the axonemes are disarranged, but singlet
microtubules seem to elongate toward the tip of the neurite. This is a
feature different frommotile cilia, such as those in the neural tube and
neurohypophysial cells. These elongated microtubules may act as
tracks for selective transport to the tip of the neurites.
Cilia around epidermal sensory neurons are thought to play a role
in perception of mechanical or chemical stimuli. Although no
experimental evidence has been obtained, most studies predict CEN
to be mechanical receptors involved in larval behavior (Torrence and
Cloney, 1982; Pasini et al., 2006; Imai andMeinertzhagen, 2007b), and
a few studies argued its role in metamorphosis (Sato et al., 1997, Sato
and Morisawa, 1999). In the latter case, test cells penetrate C1 and
invade the outer compartment in the late larval stage. This suggests
that invading test cells may interact with CEN cilia (Sato et al., 1997).
Moreover, removal of the test cells disturbed the order of metamor-
phosis to some extent (Sato and Morisawa, 1999). Taken together,
these results imply that CEN may receive mechanical or chemical
signals from test cells to induce metamorphic events such as tail
resorption. Although all epidermal neurons appear to play similar
functions, further investigation, such as knockdown of ciliary function
or characterization of speciﬁc receptors in their neurites, is needed to
elucidate their roles.
We observed structurallymotile cilia in the neurohypophysial duct
and neural tube. These cilia may generate ﬂuid ﬂow in the sensory
vesicle and/or send some substances from the lumen of the duct to
the sensory vesicle. Putative sensory cilia from the ciliated ependymal
cells are located just behind the opening of the duct and may receive
mechanical or chemical signals from the duct. It has not been
determined whether the cilia in the neural tube are motile. However,
even if they are motile, the motility is expected to be blocked or
restricted because the cilia are surrounded by an amorphous ﬁbrous
matrix (Fig. 7A). It is possible that association of these structures may
function in formation of the larval tail or in signaling for events in the
later stages of larvae, such as metamorphosis.
The functions of most cilia in tadpole larvae are not clear. The
ciliated ependymal cells in the sensory vesicle of Ciona larvae seem to
be similar to cerebrospinal ﬂuid (CSF)-contacting neurons found in
circumventricular organs of vertebrate (Vígh et al., 2004; Joly et al.,
2007). The CSF-contacting neurons of vertebrates protrude modiﬁed
sensory cilia into ventricles. It is suggested that they sense the
composition of CSF and serve to keep the internal ﬂuid milieu
constant. Similarly, these cilia are likely to regulate ﬂuid composition
in the sensory vesicle in Ciona, possibly in combination with coronet
cells. Apposition of coronet cells and ciliated ependymal cells in Ciona
larvae may be evolutionally related to a circumventricular organ
called saccus vasculosus in ﬁsh, where ciliated CSF-contacting
neurons are found among coronet cells (Vígh et al., 2004).
Some of the functions are eventually important for morphogenesis
during development, such as those in planar cell polarity and deter-
mination of left–right patterning. For example, cilia-driven nodal ﬂow
61A. Konno et al. / Developmental Biology 337 (2010) 42–62is involved in left–right asymmetry in a wide range of vertebrates.
Furthermore, some key components of Hh signaling, playing a crucial
role in organogenesis and normal development, are known to be
present in primary cilia in higher vertebrates (Oro, 2007). Asymmetric
gene expressions, such as nodal, lefty, and pitx2, are suggested to be
driven by nodal ﬂow through sonic Hh signaling in vertebrate
embryos (Levin, 2005; Hirokawa et al., 2006). It has been reported
that both nodal and pitx genes are expressed at the left side of the
tailbud embryo in C. intestinalis and other ascidians (Morokuma et al.,
2002; Boorman and Shimeld, 2002; Yoshida and Saiga, 2008), as in
vertebrates. Furthermore, one of two Hh genes in C. intestinalis are
expressed in the ependymal cells in the neural tube of tailbud-stage
embryos (Takatori et al., 2002), suggesting the possibility that neural
tube cilia are involved in Hh signaling. Although the functions of larval
cilia in development have not been elucidated, functional studies of
these cilia may provide an important insight into the role of cilia in
evolution of developmental processes. In C. intestinalis, insertional
mutagenesis or morpholino oligonucleotides have provided an
experimental system that can disrupt the function of speciﬁc genes
(Satou et al., 2001; Yamada et al., 2003; Sasakura et al., 2003). The
relatively simple cell organization of tadpole larvae and information of
their ciliary distribution would allow us to experimentally demon-
strate the exact functions of larval cilia during development.
Types of cilia found in Ciona tadpole larvae and their evolution
We found a variety of cilia in several tissues of tadpole larvae.
They could be classiﬁed into 6 groups in terms of axonemal
structure: (1) apparently 9+2 motile axonemes with dynein arms
(neurohypophysial duct, Fig. 5; neural tube, Fig. 7), (2) 9+2
axonemes without dynein arms (ciliated ependymal cells, Fig. 4), (3)
9+2 axonemes with electron-dense bridges linking outer doublets
and ciliary membrane (papillar neurons, Fig. 8; RTEN, Fig. 9; ATEN,
Figs. 10 and 11; CEN, Fig. 12), (4) 9+0 axonemes with a central
electron-dense amorphous structure (gut primordium, Fig. 13), (5)
9+0 axonemes (photoreceptors, Fig. 2; coronet cells, Fig. 3), and (6)
short axoneme-like protrusions (epidermal cells, Fig. 10; atrial
primordia, Fig. 6; endodermal strand, Fig. 14).
Vertebrate cilia show structural and functional diversity, and
recent studies tend to divide them intomotile cilia (nodal cilia may be
divided into a further category) and immotile primary cilia (Marshall
and Nonaka, 2006), although more detailed classiﬁcation has also
been described in terms of ciliary function (Afzelius, 2004). However,
in invertebrates, numerous reports on the diversity of cilia have
referred mainly to sensory organs, epidermal motile cilia, and
spermatozoa. It is particularly intriguing that cilia termed “rudimen-
tary cilia” have been found in organisms from vertebrates (Sorokin,
1962) to echinoderms and annelids (Gardiner and Rieger, 1980).
Although rudimentary cilia in vertebrates are known as primary cilia
(Sorokin, 1968), it is not known whether rudimentary cilia in
invertebrates function like vertebrate primary cilia. Ascidians undergo
metamorphosis; however, construction and arrangement of several
cells in their larval stages represent the vertebrate body plan.
Therefore, it is possible that the cilia seen in ascidian larvae may
reﬂect evolutionary aspects of cilia diversiﬁcation.
Diversity in the structure of the central apparatus is seen in
tissues that determine left–right asymmetry, such as Kupffer's
vesicle in zebraﬁsh, the notochordal plate in rabbits, and the node
in mice. The axonemal structures of their cilia show 9+2, a mixture
of 9+0/9+2/9+4, and 9+0, respectively (Kramer-Zucker et al.,
2005; Feistel and Blum, 2006; Okada et al., 2005). From studies of
Chlamydomonas ﬂagella, it is thought that loss of the central pair
resulting in 9+0 axonemes is genetically controlled (Adams et al.,
1981; Dutcher et al., 1984). Furthermore, it has been recently
reported that formation of motile cilia, including nodal cilia, and
immotile primary cilia is controlled by genetically different mecha-nisms; a forkhead transcription factor foxj1 was shown to be
necessary and sufﬁcient to produce motile cilia in zebraﬁsh and
Xenopus (Yu et al., 2008; Stubbs et al., 2008). Studies on how several
types of cilia are genetically controlled in Ciona could shed new light
on the mechanism of evolution of ciliary structure and function.
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